We have studied the influence of neurotrophin-3 (NT3) on the expression of its receptor tyrosine kinase, trkC, in embryonic mice. The expression of trkC transcripts encoding full-length and kinase-deficient receptors was almost entirely restricted to neurons in the trigeminal ganglion and increased markedly throughout development. In NT3 ϩ/Ϫ embryos, the level of trkC mRNA in the trigeminal ganglion was much lower than that in wild-type embryos, although there was no significant reduction in the total number of neurons in the ganglion. This demonstrates that endogenous NT3 regulates trkC expression in trigeminal neurons independently of changes in population size. In NT3 Ϫ/Ϫ embryos, the number of neurons in the trigeminal ganglion was much lower than in wild-type embryos, and there was a further reduction in the mean neuronal level of trkC mRNA. Direct regulation of trkC mRNA expression in cultured trigeminal neurons was also observed, although the finding that trkC mRNA levels were sustained better in explant cultures than in dissociated cultures irrespective of the presence of NT3 suggests that trkC mRNA expression is regulated by additional factors within the ganglion. In contrast to trigeminal neurons, the level of trkC mRNA was sustained at normal levels in neurons of the sympathetic chain of NT3 Ϫ/Ϫ embryos and was not increased by NT3 in sympathetic neuron cultures. TrkC mRNA expression in developing cutaneous tissues was also unaffected by the NT3 null mutation. In summary, our findings provide the first clear evidence that the expression of a trk receptor, tyrosine kinase, is regulated by physiological levels of its ligand in vivo and show that regulation by NT3 is cell type-specific.
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The neurotrophins, nerve growth factor (NGF), brain-derived neurotrophic factor (BDN F), neurotrophin-3 (N T3), and neurotrophin-4 (N T4), are secreted proteins that promote the survival of neurons in the developing nervous system by signaling via members of the trk family of receptor tyrosine kinases (TKs) (Bothwell, 1995) . E xpression studies in cell lines have shown that trkA is a receptor for NGF (Hempstead et al., 1991; Kaplan et al., 1991; K lein et al., 1991a) , trkB is a receptor for BDN F and NT4 (Berkemeier et al., 1991; Glass et al., 1991; K lein et al., 1991b; Soppet et al., 1991; Squinto et al., 1991; Ip et al., 1992) , and trkC is a receptor for N T3 (Lamballe et al., 1991) . N T3 is also able to bind and signal less efficiently via trkA and trkB in cell lines (Lamballe et al., 1991; Soppet et al., 1991; Squinto et al., 1991; Ip et al., 1993) and developing neurons (Davies et al., 1995a) , which explains why the phenotype of NT3 Ϫ/Ϫ mice is more severe than that of trkC Ϫ/Ϫ mice (Ernfors et al., 1994; K lein et al., 1994; Schimmang et al., 1995; Farinas et al., 1996) .
Trks are transmembrane glycoproteins that possess an intracellular region that contains the catalytic TK domain and an extracellular, ligand-binding region with a complex subdomain organization (Schneider and Schweiger, 1991) . trkB and trkC variants lacking the TK domain (K lein et al., 1990a,b; Lamballe et al., 1993; Tsoulfas et al., 1993) are widely expressed by non-neuronal cells (Klein et al., 1990b; Merlio et al., 1992; Beck et al., 1993; Frisen et al., 1993; Funakoshi et al., 1993; Rudge et al., 1994; Biffo et al., 1995) and by some neurons (Armanini et al., 1995; Ninkina et al., 1996) . These noncatalytic receptors are thought to play a role in limiting the diffusion of their neurotrophin ligands (Biffo et al., 1995) , and TK Ϫ trkB may act as a negative modulator of BDNF signaling at certain stages of sensory neuron development (Ninkina et al., 1996) .
In addition to the trks, all neurotrophins bind to the common neurotrophin receptor p75, a transmembrane glycoprotein with diverse functions. In neurons coexpressing trk receptors, it selectively enhances responsiveness to NGF Horton et al., 1997; Ryden et al., 1997) , decreases responsiveness to NT3 (Benedetti et al., 1993; Clary and Reichardt, 1994; , and may play a role in ligand discrimination by trkB (Ryden et al., 1995) . In the absence of trk signaling, p75 mediates a cytotoxic response to NGF and BDNF in some cells (CasacciaBonnefil et al., 1996; Frade et al., 1996; Van der Zee et al., 1996; Yeo et al., 1997; Davey and Davies, 1998) .
Different populations of neurons have distinctive requirements for particular neurotrophins at certain stages of their development (Davies, 1994; Snider, 1994; Lewin and Barde, 1996) , and some neurons switch their neurotrophin requirements from one neurotrophin to another during development (Davies, 1997) . There is considerable evidence that the onset and changes in responsiveness to particular neurotrophins is correlated with marked increases in the expression of their corresponding trk receptors Davies, 1993, 1995; Ninkina et al., 1996; Robinson et al., 1996) . Thus, elucidating what regulates neurotrophin receptor expression is a key element in understanding how trophic interactions are coordinated in the developing nervous system.
Several in vitro and in vivo studies have shown that exogenous neurotrophins are able to increase the expression of their corresponding receptors. For example, the level of p75 mRNA is increased by NGF in sympathetic (Miller et al., 1991 (Miller et al., , 1994 Verdi and Anderson, 1994; Wyatt and Davies, 1995) , sensory (Lindsay et al., 1990; Verge et al., 1992; Wyatt and Davies, 1993) , and basal forebrain cholinergic neurons (C avicchioli et al., 1989; Higgins et al., 1989; Fusco et al., 1991; Kojima et al., 1992) and by BDNF in sensory neurons (Wyatt and Davies, 1993) . E xogenous NGF increases the level of trkA mRNA in forebrain cholinergic neurons in vivo (Holtzman et al., 1992; Venero et al., 1994) and in vitro (Kojima et al., 1994) and, in combination with estrogen, increases the level of trkA mRNA in PC12 cells (Sohrabji et al., 1994) . Likewise, BDN F increases the expression of trkB transcripts in cultured sensory neurons (Ninkina et al., 1996) . Although these studies of the effects of supraphysiological levels of neurotrophins demonstrate that neurotrophins are capable of regulating expression of their receptors, the relevance of these kinds of studies for understanding how neurotrophin receptor expression is normally regulated during development has been questioned by studies of NGF knock-out mice. The finding that the timing and level of expression of both p75 and trkA mRNAs is entirely normal in the sensory neurons of NGF Ϫ/Ϫ mouse embryos (Davies et al., 1995b) suggests that NGF plays no role in the regulation of NGF receptor expression during development. Likewise, the induction of trkB expression in developing sensory neurons is entirely normal in BDNF Ϫ/Ϫ embryos (K . Huber, S. Wyatt, and A. M. Davies, unpublished data). These latter surprising observations emphasize the need to study the effects of endogenous neurotrophins to ascertain their physiological significance in controlling receptor expression.
In the present study we have used a similar genetic approach to study the role of endogenous N T3 in regulating the expression of TK ϩ and TK Ϫ trkC transcripts in two populations of neurons of the embryonic peripheral nervous system and TK Ϫ trkC mRNA in developing cutaneous tissues. The sensory neurons of the trigeminal ganglion and the sympathetic neurons of the superior cervical sympathetic ganglion (SCG) initially survive independently of neurotrophins during the earliest stages of their development (Davies and Lumsden, 1984; Coughlin and Collins, 1985; Ernsberger et al., 1989) . Most neurons born during the early stages of neurogenesis in the trigeminal ganglion become dependent on either N T3 or BDN F for survival, and many of these neurons together with neurons born during the later stages of neurogenesis subsequently become dependent on NGF for survival (Buchman and Davies, 1993; Paul and Davies, 1995; Piñón et al., 1996; Wilkinson et al., 1996; Huang et al., 1999) (Y. Enokido, S. Wyatt, and A. M. Davies, unpublished data) . SCG neurons first become dependent on NGF for survival before acquiring an additional requirement for N T3 much later in development . Here we report that the expression of both TK ϩ and TK Ϫ trkC mRNA levels is reduced in trigeminal neurons but not in SCG neurons or cutaneous tissues in mouse embryos with a null mutation in the NT3 gene. This shows that endogenous N T3 selectively regulates the expression of trkC in trigeminal neurons during development and is the first physiologically relevant demonstration of the regulation of neurotrophin receptor expression by its ligand.
MATERIALS AND METHODS
E xperimental animals and tissues. Embryos were obtained from overnight matings of wild-type CD1 mice or NT3 ϩ/Ϫ mice (a gift from Patrik Ernfors, Karolinska Institute, Stockholm, Sweden) (Ernfors et al., 1994) . Pregnant females were killed by cervical dislocation at the required stage of gestation, and the precise stage of development of the embryos was determined by the criteria of Theiler (1972) . For embryos resulting from crossing NT3 ϩ/Ϫ mice, DNA was extracted from undissected tissues to determine the genotypes by PCR using primers specific for the wild-type and mutated NT3 genes.
T ungsten needles were used to dissect the trigeminal ganglia, SCG, and the whiskerpads from staged embryos. Tissues were either frozen and stored at Ϫ70°C for RNA extraction or processed for explant or dissociated culture.
Neuron cultures. For dissociated cultures, trigeminal or sympathetic ganglia were trypsinized, dissociated, and plated at low density in polyornithine -laminin-coated 35-mm-diameter plastic tissue culture dishes (500 -2000 neurons per dish) in 2 ml of defined medium, as described previously . The cultures were incubated at 37°C in a 5% C O 2 incubator for up to 48 hr. To ascertain the proportion of neurons surviving in these cultures, the number of attached neurons within a 12 ϫ 12 mm square in the center of each dish was counted 6 hr after plating. The number of surviving neurons in the same area was counted at intervals and expressed as a percentage of the initial number of neurons counted. For explant cultures, single ganglia were cultured in separate 16 mm wells containing 0.5 ml of serum-free medium.
Quantification of mR NA levels. A quantitative, competitive RT-PCR technique (Wyatt and Davies, 1993) was used to measure the levels of trkC and glyceraldehyde phosphate dehydrogenase (GAPDH) mRNAs in tissues dissected from wild-type and NT3 Ϫ/Ϫ embryos and in cultures established from these embryos. The RT and PCR reactions were calibrated by the inclusion of known amounts of cRNA competitor templates for each of the mRNAs in the RT reaction. Alternative splicing generates transcripts that encode trkC variants that either possess or lack the catalytic tyrosine kinase domain Tsoulfas et al., 1993; Valenzuela et al., 1993) . The levels of mRNAs encoding catalytic (TK ϩ ) and noncatalytic (TK Ϫ ) trkC variants were measured using primers specific for mouse TK ϩ transcripts and primers in the extracellular domain that amplif y all mouse trkC transcripts. It is not possible to design a single RT-PCR assay to measure all of the mRNAs that encode TK Ϫ trkC variants directly because there is no exonic sequence common to and specific for all TK Ϫ trkC mRNAs (Valenzuela et al., 1993) . The level of TK Ϫ mRNAs was therefore calculated by subtracting TK ϩ mRNA from total trkC mRNA. The details of the primers, control templates, reaction conditions, and quantification are provided elsewhere Davies, 1995, 1997) .
RESULTS

Time course of trkC mRNA expression in developing trigeminal neurons
The levels of both TK ϩ and TK Ϫ trkC mRNAs were relatively low during the early stages of trigeminal ganglion development at embryonic day 10 (E10) and increased markedly with embryonic age (Fig. 1) . The levels of these mRNAs increased Ͼ25-fold between E10 and the end of embryonic development at E18. Throughout this period, the level of TK Ϫ trkC mRNA was between 15-and 25-fold higher than that of TK ϩ trkC mRNA. To determine whether TK ϩ and TK Ϫ trkC transcripts are expressed by either neurons or non-neuronal cells in the developing trigeminal ganglion, differential sedimentation was used to separate neurons from other cell types (Davies, 1986) . This procedure was performed at E16 and postnatal day 1 (P1) when the size difference between neurons and non-neuronal cells in the ganglion was large enough to obtain neuronal and non-neuronal cell preparations of Ͼ95% purity. At both ages, the levels of TK ϩ trkC mRNA were substantially higher in the neuronal fraction than in the non-neuronal fraction (between 40-and 44-fold higher), suggesting that full-length trkC is expressed mainly if not exclusively in neurons (Fig. 2) . The levels of TK Ϫ trkC mRNA were also much higher in the neuronal fraction than in the non-neuronal fraction (between 7-and 14-fold higher), suggesting that truncated trkC is also expressed mainly in neurons (Fig. 2) . However, because the ratio of TK Ϫ trkC mRNA in non-neuronal cells versus neurons is higher than the ratio of TK ϩ trkC mRNA in non-neuronal cells versus neurons, it is possible that unlike TK ϩ trkC mRNA there may be a relatively low level of TK Ϫ trkC mRNA expressed in non-neuronal cells.
Regulation of trkC expression in trigeminal neurons by endogenous NT3
To investigate if endogenous N T3 plays a role in regulating the levels of TK ϩ and TK Ϫ trkC mRNAs in developing trigeminal ganglia in vivo, the levels of these mRNAs were measured in the trigeminal ganglia of wild-type and NT3 Ϫ/Ϫ mice throughout development. Because large numbers of cells are lost during the early stages of sensory ganglion development in NT3 Ϫ/Ϫ embryos, we used competitive RT-PCR to quantif y the levels of mRNA encoding the ubiquitous, constitutively expressed "housekeeping" protein GAPDH.
There was no reduction in the level of GAPDH mRNA in the trigeminal ganglia of NT3 Ϫ/Ϫ embryos compared with wild-type embryos at E11 (Fig. 3) , suggesting that there are similar numbers of cells in the trigeminal ganglia of wild-type and N T3-deficient embryos at developmental stages up to E11. However, the level of GAPDH mRNA was significantly lower in the trigeminal ganglia of NT3 Ϫ/Ϫ embryos at E12 ( p Ͻ 0.05; t test), and the disparity in the GAPDH mRNA levels between NT3 Ϫ/Ϫ and wild-type embryos increased with embryonic age (Fig. 3 ). This suggests that there are fewer cells in the trigeminal ganglia of NT3 Ϫ/Ϫ embryos at E12 and older ages compared with wild-type embryos. The gradual decrease in the level of GAPDH mRNA in NT3 Ϫ/Ϫ embryos between E12 and E14 is consistent with the loss of cells in the ganglion over this period of development. Very similar developmental changes were observed in the levels of mRNAs encoding neuron-specific proteins like the Brn-3a transcription and trkA in the trigeminal ganglia of NT3 Ϫ/Ϫ and wild-type embryos (data not shown).
There were no significant differences in the levels of TK ϩ trkC mRNA relative to GAPDH mRNA in the trigeminal ganglia of wild-type and NT3 Ϫ/Ϫ embryos at E11 and E12 (Fig. 3) . This suggests that the mean level of TK ϩ trkC mRNA in cells of the trigeminal ganglion is similar in wild-type and NT3-deficient embryos at developmental stages up to E12. However, by E13 there was a marked decrease in the level of TK ϩ trkC mRNA relative to GAPDH mRNA in the trigeminal ganglia of NT3 Ϫ/Ϫ embryos, and this deficiency in TK ϩ trkC mRNA in the cells of the trigeminal ganglia of NT3-deficient embryos was maintained throughout the subsequent stages of embryonic development. Similar trends in the developmental profile of TK Ϫ trkC mRNA expression relative to GAPDH mRNA were observed in the trigeminal ganglia of wild-type and NT3 Ϫ/Ϫ embryos; no significant differences at E11 and E12 but a decrease in NT3-deficient embryos at E13 and later ages, although the relative decrease in the level of TK Ϫ trkC mRNA was not as great as that of TK ϩ trkC mRNA. These results suggest that in the absence of endogenous NT3, the mean levels of TK ϩ and TK Ϫ trkC mRNAs in cells of the trigeminal ganglion decrease markedly after E12. Very similar trends were observed if the trkC data were expressed relative to Brn-3a mRNA or trkA mRNA rather than GAPDH mRNA (data not shown).
The decreased level of trkC mRNA relative to GAPDH mRNA in the trigeminal ganglia of NT3 Ϫ/Ϫ embryos after E12 could reflect a reduction in the mean level of trkC transcripts in trkC-expressing cells, the selective loss of these cells, or a combination of the two. The observed reduction in the number of neurons in the dorsal root and trigeminal ganglia of NT3 ϩ/ϩ and NT3 Ϫ/Ϫ mouse embryos. The mean and SEM of measurements from ganglia of three to seven animals of each genotype at each age are shown. Wilkinson et al., 1996) together with our demonstration that trkC is predominantly expressed in neurons suggests that the relativedecrease in trkC levels in the trigeminal ganglia of NT3 Ϫ/Ϫ embryos is caused at least in part by the loss of trkC -expressing neurons. To investigate if endogenous N T3 also regulates trkC expression in trigeminal neurons, we studied neuronal survival and trkC mRNA expression in the trigeminal ganglia of NT3 ϩ/Ϫ embryos. The total number of neurons in the trigeminal ganglia of NT3 ϩ/ϩ , NT3 ϩ/Ϫ , and NT3 Ϫ/Ϫ embryos at E14 was estimated by counting neuronal profiles in 8 m serial sections and applying the Abercrombie correction for split nuclei. These estimates revealed no statistically significant difference in the numbers of neurons in the trigeminal ganglia of NT3 ϩ/ϩ and NT3 ϩ/Ϫ embryos ( p Ͼ 0.05; t test) and a twofold reduction in the number of trigeminal neurons in NT3 Ϫ/Ϫ embryos (Fig. 4) . In contrast, at the same stage of development, there were marked, statistically significant reductions in the levels of TK ϩ trkC and TK Ϫ trkC mRNAs in the trigeminal ganglia of NT3 ϩ/Ϫ embryos relative to wild-type embryos ( p Ͻ 0.01 in both cases; t tests), and there were further reductions in the levels of these transcripts in the trigeminal ganglia of NT3 Ϫ/Ϫ embryos (Fig. 4) . These reductions were most marked for TK ϩ trkC mRNA; more than twofold in NT3 ϩ/Ϫ and sixfold in NT3 Ϫ/Ϫ embryos compared with less than twofold in NT3 ϩ/Ϫ and threefold in NT3 Ϫ/Ϫ embryos in the case of TK Ϫ trkC mRNA. Taken together, these results suggest that a reduction in the level of N T3 in NT3 ϩ/Ϫ embryos that is insufficient to affect neuron number results in a reduction in trkC mRNA expression, implying that endogenous NT3 regulates trkC expression in neurons.
Regulation of trkC expression in trigeminal neurons by NT3 in vitro
To investigate further the role of NT3 in regulating trkC mRNA expression, we measured the level of trkC mRNA in trigeminal ganglion explants and low-density dissociated cultures of trigeminal neurons grown with and without NT3. These studies were undertaken at two ages: at E13, the earliest age at which there was a marked decrease in the levels of trkC transcripts relative to GAPDH mRNA in the trigeminal ganglia of NT3 Ϫ/Ϫ embryos, and at E16 during the ongoing period of sustained reduction of trkC expression in NT3 Ϫ/Ϫ embryos. We focused on TK ϩ trkC mRNA because the relative reduction of TK ϩ trkC mRNA in NT3 Ϫ/Ϫ embryos was greater than that of TK Ϫ trkC mRNA. To maintain the survival of neurons in these experiments, NGF was added to all cultures.
In the absence of NT3, there was a fall in the level of TK ϩ trkC mRNA relative to GAPDH mRNA in both dissociated and explant cultures (Fig. 5) . The fall was most pronounced in dissociated cultures; there was a Ͼ50% decrease within 3 hr of plating, and by 24 hr the levels were 15-fold lower. In contrast, there was a more gradual decrease in the relative level of TK ϩ trkC mRNA in E13 explants, decreasing by 37% after 24 hr of incubation and 66% after 48 hr. The levels of TK ϩ trkC mRNA were less well sustained in E16 explants, reaching the level observed in E16 dissociated cultures by 24 hr of incubation. The decrease in the relative level of TK ϩ trkC mRNA in these cultures could not be explained by a marked decrease in the viability of the neurons because the majority of neurons in NGF-supplemented dissociated cultures survived throughout the period of study (percent survival after 48 hr of incubation was 92 Ϯ 3.3% for E13 cultures and 90 Ϯ 7.0% for E16 cultures). Because the serum-free medium we used in the low-density dissociated cultures did not promote the proliferation or survival of non-neuronal cells, Ͼ90% of the cells in these cultures were neurons by 48 hr of incubation.
To investigate if exogenous N T3 could sustain or increase trkC mRNA expression in vitro, explants and low-density dissociated cultures of trigeminal ganglia were grown with N T3 over a range of concentrations. Figure 6 shows that N T3 affected TK ϩ trkC mRNA expression in a dose-dependent manner. After 48 hr of incubation, the level of TK ϩ trkC mRNA in dissociated cultures containing N T3 at concentrations at and above 0.04 ng/ml was threefold to fourfold higher than in control cultures (no added NT3). Although the levels of trkC mRNA were higher in the presence of N T3, there was still an overall decrease in trkC mRNA levels by 48 hr of incubation, indicating that N T3 alone is not sufficient to sustain trkC mRNA expression in cultured neurons. The effect of N T3 in these NGF-supplemented cultures could not be explained by differences in the number of surviving neurons because there were no additional surviving neurons in the presence of N T3. Very similar results were obtained if the trkC mRNA data were expressed relative to neuron number rather than GAPDH mRNA in the dissociated cultures in which the numbers of surviving neurons could be early ascertained (data not shown).
As in dissociated cultures, the level of TK ϩ trkC mRNA in explants was higher in the presence of N T3 than in control cultures. However, the concentrations required to elevate trkC mRNA expression in explant cultures were much higher; whereas 1 ng/ml NT3 was maximally effective in dissociated cultures, 50 ng/ml was required in explant cultures, 1 ng/ml having no effect. This higher concentration of NT3 was able to sustain the expression of trkC mRNA in E13 explants, but did not fully prevent the decrease in trkC mRNA in E16 explants.
The slower decline in trkC mRNA expression in control trigeminal ganglion explants compared with trigeminal neurons in low-density control cultures suggests that a factor within the intact ganglion promotes trkC mRNA expression. Because NT3 is known to be synthesized within sensory ganglia (Schecterson and Bothwell, 1992; Zhang et al., 1994) , we compared trkC mRNA levels in trigeminal ganglion explants from wild-type and NT3 Ϫ/Ϫ embryos. Figure 7 shows that there was a similar percentage decrease in the level of TK ϩ trkC mRNA in E13 wildtype and NT3Ϫ/Ϫ trigeminal ganglion explants. These results suggest that ganglion-derived NT3 does not play a significant role in regulating trkC mRNA expression and that there are other factors within the ganglion that sustain trkC expression.
To determine whether the in vivo reduction in the level of trkC mRNA observed in the trigeminal ganglia of NT3 ϩ/Ϫ embryos (Fig. 4) is simply caused by reduced NT3 availability or whether the capacity of the neurons in these embryos to respond to NT3 is additionally compromised, we compared the ability of NT3 to regulate trkC mRNA expression in trigeminal ganglion explants from wild-type and NT3 ϩ/Ϫ embryos. Figures 8 and 9 show that after 24 hr of incubation without NT3, the level of trkC TK ϩ in wild-type and NT3 ϩ/Ϫ ganglia fell to similar values. However, NT3 was equally effective in increasing the level of trkC TK ϩ in trigeminal ganglion explants obtained from wild-type and NT3 ϩ/Ϫ embryos; the NT3 dose responses in both cases were very similar (Fig. 8) . Because the trigeminal ganglia of wild-type and NT3 ϩ/Ϫ embryos contain very similar numbers of neurons (Fig.  4) , these results clearly show that the capacity of trigeminal neurons to respond to N T3 is not compromised in NT3 ϩ/Ϫ embryos and f urther strengthen our proposal that the reduction in trkC mRNA in vivo in these embryos is caused by the reduction in the in vivo availability of N T3.
trkC expression in sympathetic neurons is not increased by NT3
To investigate if N T3 affects the expression of trkC mRNA in developing sympathetic neurons, we measured the level of trkC mRNA in the SCG of wild-type and NT3 Ϫ/Ϫ embryos and in SCG explants and dissociated cultures grown with and without NT3. There was no significant difference in the levels of TK ϩ and TK Ϫ trkC transcripts relative to GAPDH mRNA between wild-type and NT3 Ϫ/Ϫ SCG at E14 when the SCG consists predominantly of proliferating sympathetic neuroblasts and later in development at E18 when the SCG contains postmitotic sympathetic neurons that are mostly dependent on NGF and N T3 for survival ( p Ͼ 0.05 in both cases; t tests; Fig. 9 ). There was no significant difference in the level of TK ϩ trkC mRNA between control E13 SCG explants and explants grown with N T3 over a range of NT3 concentrations ( p Ͼ 0.05; t test; Fig. 10 ). In dissociated cultures, rather than increasing trkC mRNA expression, N T3 caused a small, statistically significant ( p Ͻ 0.05; t test), dose-dependent decrease in TK ϩ trkC mRNA. Counts of viable neurons in these NGF-containing cultures after 48 hr of incubation revealed no effect of N T3 on survival (70 Ϯ 2.4% with NGF vs 64 Ϯ 3.5% with NGF plus 50 ng /ml N T3). Thus, in contrast to developing trigeminal neurons, N T3 does not upregulate trkC mRNA expression in developing sympathetic neuroblasts and neurons.
trkC expression in cutaneous tissue is not regulated by NT3
Low levels of TK Ϫ trkC mRNA are expressed in the cutaneous tissues innervated by the trigeminal ganglion during development. To investigate if endogenous NT3 affects the expression of trkC mRNA in these tissues, we measured the levels of TK Ϫ trkC mRNA in the whiskerpads of wild-type and NT3 Ϫ/Ϫ embryos because this is the part of the trigeminal territory that expresses the highest levels of NT3 during development (Buchman et al., 1993 (Buchman et al., , 1994 . Figure 11 shows that very similar levels of TK Ϫ trkC mRNA were expressed in the whiskerpads of wild-type and NT3 Ϫ/Ϫ embryos at stages ranging from E12 to P0, indicating that endogenous NT3 does not affect the expression of trkC mRNA in developing skin.
DISCUSSION
We have shown for the first time that physiological levels of a neurotrophin regulate the expression of transcripts encoding its cognate trk receptor in vivo. The levels of both TK ϩ and TK Ϫ trkC transcripts in developing trigeminal neurons are much lower in mouse embryos that have a null mutation in the NT3 gene than in wild-type embryos. Importantly, markedly lower levels of trkC mRNA are evident in heterozygous embryos at a stage in development when there is no loss of trigeminal neurons. This indicates that the reduction in trkC mRNA is not simply caused by the loss of a trkC-expressing, NT3-dependent subset of neurons but that endogenous levels of NT3 are limiting for trkC mRNA expression in these neurons. Previous studies of the effects of supraphysiological levels of NGF in vivo and NGF and BDNF in vitro have shown that these neurotrophins can increase expression of their corresponding Trk receptor and the common neurotrophin receptor p75 (Doherty et al., 1988; Cavicchioli et al., 1989; Higgins et al., 1989; Lindsay et al., 1990; Fusco et al., 1991; Miller et al., 1991 Miller et al., , 1994 Holtzman et al., 1992; Kojima et al., 1992; Verge et al., 1992; Davies, 1993, 1995; Kojima et al., 1994; Sohrabji et al., 1994; Venero et al., 1994 ; Verdi and Ander- Ninkina et al., 1996) . However, the developmental increase in TrkA and p75 in sensory neurons occurs normally in NGF Ϫ/Ϫ embryos (Davies et al., 1995b) , indicating that endogenous NGF does not regulate NGF receptor expression in sensory neurons during the early stages of their development in vivo. Likewise, the developmental increase in the expression of both TK ϩ and TK Ϫ trkB transcripts in sensory neurons occurs normally in BDNF Ϫ/Ϫ embryos (Huber, Wyatt, and Davies, unpublished results) . Thus, endogenous N T3 appears to be unique in being able to regulate the expression of its cognate trk receptor in developing sensory neurons.
Although we have clearly shown that endogenous NT3 regulates the expression of trkC transcripts in developing sensory neurons, NT3 is not the only factor involved in regulating trkC expression in vivo. The levels of trkC initially increase normally in the trigeminal ganglia of NT3 Ϫ/Ϫ embryos and only fall below the level in wild-type embryos after E12, indicating that NT3 is not required for the initial induction of trkC expression. Although NT3 increases trkC mRNA levels in trigeminal neurons placed in culture during the stages of development when endogenous NT3 plays a role in regulating trkC mRNA expression in vivo, the levels of trkC mRNA in these cultures are not sustained at in vivo levels even in the presence of N T3. This suggests that NT3 is not the sole factor regulating trkC expression at these later stages of development. The finding that trkC mRNA levels are more sustained in trigeminal ganglion explants than in dissociated cultures suggests that factors within the ganglion play a role in sustaining trkC expression. Our demonstration that trkC mRNA levels are similar in explants from NT3 Ϫ/Ϫ and wild-type embryos excludes the possibility that N T3 synthesized within the ganglion accounts for this difference in trkC expression between explant and dissociated cultures.
In marked contrast to developing sensory neurons, NT3 does not influence trkC mRNA expression in either sympathetic neurons or developing cutaneous tissues. Not only is trkC mRNA expressed at normal levels in the sympathetic neurons of NT3 Ϫ/Ϫ embryos throughout development, trkC mRNA expression is not increased by N T3 treatment in either dissociated or explant cultures of sympathetic neurons. Likewise, the level of trkC mRNA increases normally in the whiskerpads of NT3 Ϫ/Ϫ embryos throughout development. These results demonstrate that endogenous N T3 regulates trkC mRNA expression in a highly cell-selective manner.
In addition to the different ways in which trkC mRNA expression is controlled in developing trigeminal and sympathetic neurons, we have shown that there are striking differences in the developmental time course of trkC mRNA expression in these two kinds of neurons. Whereas the level of trkC mRNA is high in sympathetic neuroblasts and declines markedly in postmitotic sympathetic neurons , the level of trkC mRNA increases markedly in trigeminal neurons during development (present study). Although trkC TK Ϫ transcripts greatly outnumber TK ϩ transcripts in both kinds of neurons, there are differences in the ratio between these transcripts during the development. Whereas the ratio remains similar throughout trigeminal neuron development, the relative level of TK ϩ trkC decreases markedly during sympathetic neuron development, becoming negligible by E18 . The f unctional significance of these different patterns of trkC mRNA expression is unclear as studies of trkC Ϫ/Ϫ and NT3 Ϫ/Ϫ mice suggest that trkC does not play a significant role in mediating the in vivo survival requirement of trigeminal and sympathetic neurons for N T3. Although there are substantial losses of trigeminal and sympathetic neurons in NT3 Ϫ/Ϫ embryos (ElShamy and Ernfors, 1996b; Wilkinson et al., 1996; Wyatt et al., 1997) , there is negligible loss of these neurons in trkC Ϫ/Ϫ embryos (Fagan et al., 1996; Piñón et al., 1996) . N T3 can, however, promote the in vitro survival of developing sympathetic and trigeminal neurons by signaling via trk receptors other than trkC (Davies et al., 1995a) , suggesting that the in vivo dependence of these neurons is mediated by trkA or trkB. Likewise, recent studies of the numbers of trkA-, trkB-, and trkC-immunoreactive neurons in the dorsal root and trigeminal ganglia of NT3 Ϫ/Ϫ embryos have also shown that N T3 activates more than one trk receptor in developing sensory neurons (Farinas et al., 1998; Huang et al., 1999) . However, our current study suggests that the virtual elimination of trkC -immunoreactive neurons observed in the dorsal root and trigeminal ganglia of NT3 Ϫ/Ϫ embryos (Farinas et al., 1998; Huang et al., 1999) may not be caused entirely by the death of these neurons but to a decrease in trkC expression in the absence of endogenous NT3.
Perhaps the effect of endogenous N T3 on upregulating and/or sustaining trkC expression could be an important step in the development of a f unctionally distinct subset of sensory neurons such as proprioceptive neurons, which are absent in both NT3 Ϫ/Ϫ and trkC Ϫ/Ϫ embryos. In this respect, the selective action of endogenous NT3 on trkC expression could be serving an instructive and/or permissive role in sensory neuron development. In contrast, endogenous NGF and BDNF, which do not regulate the expression of their cognate trk receptors in vivo, primarily influence the neuronal composition of sensory ganglia by promoting the survival of subsets of neurons that express trkA or trkB irrespective of whether they have been exposed to these neurotrophins.
In summary, we have shown that the strikingly different patterns of trkC expression in developing sympathetic and sensory neurons are selectively regulated by NT3 in vivo. Whereas endogenous NT3 increases trkC expression in sensory neurons, it plays no obvious role in regulating trkC expression in sympathetic neurons. This is the first clear demonstration that physiological levels of a neurotrophin in vivo play a role in regulating the expression of the gene encoding its cognate trk receptor and show that this mechanism of regulation only occurs in a subset of cells expressing the receptor.
